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ABSTRACT 
High-Strength Wastewater Treatment by Microalgae 
August 2010 
Xin Yuan, B.S., Tsinghua University, Beijing, China  
M.S., University of Massachusetts, Amherst 
Directed by: Dr. Sarina J. Ergas 
 Microalgae spontaneously convert CO2 and supplementary nutrients into biomass 
in the presence of light via photosynthesis, and at much higher rates than convention oil-
producing crops. Algal biomass can then be transformed into methane via anaerobic 
bacteria-mediated fermentation, or to biodiesel via lipid extraction, as well as other by-
products of secondary metabolism. Production of biofuel by microalgae can be made 
more sustainable through coupling microalgal biomass production with existing power 
generation and wastewater treatment infrastructure. On the other hand, integration of 
algal biofuel production into wastewater treatment plant anaerobic digestion 
infrastructure has the potential to increase biogas production, decrease high and variable 
internal nitrogen loads, and improve sludge digestibility and dewaterability.  
 The overall goals of this research were to investigate growth and nutrient uptake 
of two algal species, Spirulina platensis and Chlorella sp. in various growth conditions, 
while utilizing synthetic or real sludge centrate, or a mixture of centrate and nitrified 
effluent as a growth medium. Harvested algae were co-digested with wastewater 
activated sludge (WAS) at varying algae/WAS ratios and anaerobic digester performance 
was evaluated. 
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 Under batch conditions, two species of microalgae, Spirulina platensis and 
Chlorella sp., were grown on sludge centrate and a centrate/nitrified wastewater effluent 
mixture.  Harvested algae were co-digested with waste activated sludge (WAS) at 
varying ratios.  High growth (6.8 g m-2 d-1), nitrogen (36.5 g m-3 d-1) and phosphorous 
(6.5 g m-3 d-1) uptake rates were achieved with Chlorella on centrate.  No growth was 
observed with S. platensis under the same conditions; however, both organisms grew well 
on the centrate/effluent mixture.  Co-digestion of algae with WAS improved volatile 
solids reduction.  Co-digestion with S. platensis improved biosolids dewaterability; 
however, Chlorella had a slight negative impact on dewaterability compared to WAS 
alone. 
 Under continuous flow conditions, Spirulina platensis was cultivated in a bench-
scale airlift photobioreactor using synthetic wastewater (total nitrogen 412 mg/L, total 
phosphorous 90 mg/L, pH 9-10) with varying ammonia/total nitrogen ratios (50-100% 
ammonia with balance nitrate) and hydraulic residence times (15-25 d). High average 
biomass density (4,200 mg/L) and productivity (5.1 g m-2 d-1) were achieved when 
ammonia was maintained at 50% of the total nitrogen provided. Both high ammonia 
concentrations and mutual self-shading, which resulted from the high biomass density in 
the airlift reactor, were found to partially inhibit the growth of S. platensis.  The 
performance of the airlift bioreactor used in this study compared favorably with other 
published studies. 
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CHAPTER 1: Introduction 
1.1. Overview 
Microalgae are a large and diverse group of photosynthetic microorganisms that 
can exist as individual cells, chains or groups and are found in both freshwater and 
marine environments. Cyanobacteria, also known as blue-green algae, are a phylum of 
bacteria that also obtain energy through photosynthesis and are included as microalgae 
for the purpose of this study. In recent years, microalgae have attracted a great deal of 
attention for biofuel production, CO2 fixation and wastewater treatment, as they 
spontaneously convert CO2 and supplementary nutrients into biomass in the presence of 
light via photosynthesis, and at much higher rates than conventional oil-producing crops 
(Rittmann, 2008). Algal biomass can then be transformed into methane via anaerobic 
bacteria-mediated fermentation, or to biodiesel via lipid extraction, as well as other by-
products of secondary metabolism, such as polyunsaturated fatty acids, carotenes or 
polymers (Chisti, 2007). Depending on the species of algae and growth conditions 
applied, lipids may be extracted for biodiesel production prior to anaerobic digestion 
(Liang et al., 2009). 
Production of biofuel by microalgae can be made more sustainable through 
coupling microalgal biomass production with existing power generation and wastewater 
treatment infrastructure (Fig. 1.1). The combination of algal CO2 fixation, wastewater 
treatment and biofuel production has been investigated by a number of researchers (Tam 
and Wong, 2000; Guzzon et al., 2008; Kumar et al., 2010a). In fact, microalgae can 
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utilize such low quality waters as agricultural runoff, municipal/industrial/agricultural 
wastewaters and/or wastewater effluents as the source of water as growth medium, and of 
N and P sources, among other minor nutrients (Grönlund et al., 2004; Carlsson et al., 
2007). Hence, an additional economic incentive exists due to decreased costs of 
chemicals for the growth medium and even of freshwater, while providing a pathway for 
wastewater treatment (Demirbas, 2004).  
 
Figure 1.1. Integration of wastewater treatment, CO2 mitigation and biofuel production. 
The most common application of microalgae in wastewater treatment aims at 
nutrient recovery (Carlsson et al., 2007). A number of researchers (Chevalier et al., 2000, 
García et al., 2006, Guzzon et al., 2008; Woertz et al., 2009) have investigated the 
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growth of algae in municipal wastewater treatment effluent (primary, secondary or 
tertiary). These studies are summarized in Table 1.1.  Chevalier et al. (2000) evaluated 
the performance of several cold-climate cyanobacteria on tertiary effluent and achieved 
nutrient uptake rates between 3.5 to 4.0 mg N L-1 d-1 at 15 to 25°C. The growth rate of 
the algae was found to be limited by light intensity under the experimental conditions. 
Several studies (Craggs et al., 2004, Kebede-Westhead et al., 2006 Mulbry et al,. 2008 
and Woertz et al., 2009) have also looked at the performance of microalgae in 
agricultural effluent (dairy or piggery).Woertz et al., 2009 evaluated the performance of 
Scenedesmus, Chlorella and a number of other species as a mixed culture on dairy farm 
effluent and achieved lipid productivities at 17 mg L-1 d-1 with a lipid content of 10-29%. 
This experiment was conducted at 30°C with pure CO2 bubbling. Moreover, Córdoba et 
al. (2008) tested Chlorella zofingiensis on effluent from an anaerobic digestion unit of 
two-phase olive mill solid waste for the production of algae and nutrient removal. The 
temperature was controlled at 28°C while illumination was provided at 9 kw m-2. A 
specific growth rate of 0.02 h-1 was achieved. 
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Table 1.1 Published Studies on Algae Cultivation on Wastewater 
Species Reactor Media 
Light 
Intensity 
(μmol m-2 s-1) 
Photo 
Period (h 
light/dark) 
Temperature 
(°C) Growth Rate 
Additional 
Information Reference 
Phormidium 
bohneri Batch 
Synthetic 
wastewater 80-350 24/0 15-25 35-40
c, 2 
Medium 
contained high 
concentrations of 
N and P 
Chevalier et al., 
2000 
Spirulina 
platensis 
Airlift Synthetic wastewater  120 24/0 30 4.0-8.5
a Modified Zarrouk medium 
Converti et al., 
2006 
Rhizoclonium 
sp. 
Algal turf 
scrubber 
Raw and 
anaerobically 
digested dairy 
manure 
effluents 
390 23/1 18-28 6.8-21.3a 
Higher growth 
rates were 
obtained on raw 
dairy effluent 
Mulbry et al., 2008 
Chlorella 
zofingiensis Batch 
Anaerobic 
effluent N/A
1 24/0 23-28 0.49
b 
Light was 
provided at 9 kw 
m2 
Córdoba et al., 2008 
Scenedesmus, 
Chlorella and 
etc. 
Batch 
Dairy 
farm/municipa
l wastewaters 
N/A1 16/8 23-25 2.8a 
Mixed culture 
under 4,300 lux 
of light intensity 
Woertz et al., 2009 
Chlorella 
vulgaris 
Membrane 
bioreactor 
Synthetic 
medium 400 12/12 20 17.8
c Modified Zarrouk medium  Kumar et al., 2010b 
Chlorella 
vulgaris 
High rate 
pond 
Diluted textile 
wastewater 135-1139 12/12 24-32 2.37
a /0.22b 
The mechanism 
of colour removal 
is biosorption 
Lim et al., 2010 
1. N/A: could not be calculated from available data; 2. Results are calculated from data provided. 
a. Areal Productivity with the units g/ m2/d; b. Specific growth rate with the units d-1; c. Volumetric growth rate with the unit mg L-1 d-1.
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Microalgae have also been utilized for removal of heavy metals and organic 
matter (in this latter case, using heterotrophic/mixotrophic microalgal species; Ogbonna 
et al., 2000; Munoz and Guieysse, 2006). Ogbonna et al. (2000) grew Spirulina 
Rhodobacter sphaeroides, Chlorella sorokiniana and Spirulina platensis on synthetic 
high strength organic wastewater at 30°C with a light intensity of 100 μmol m−2 s−1. The 
authors found that only by using a mixture of species could all organics and nitrogen be 
removed simultaneously at 10-20 mg N L-1 d-1. Production of biogas through digestion by 
microalgae or co-digestion of microalgae and sewage sludge has also been reported 
(Golueke et al., 1957; Samson and LeDuy, 1983; Yen and Brune, 2005), but was not the 
focus of this thesis.  
To date, over 40,000 species of algae and cyanobacteria have been found.  Among 
the large groups of microalgae, Cyanophyceae (blue-green algae), Chlorophyceae (green 
algae), Bacillariophyceae (including the diatoms) and Chrysophyceae (including golden 
algae) are the most frequently cited as carrying one or more of the desirable 
characteristics for efficient and economical combined CO2 fixation, wastewater treatment 
and biofuel production. Two microalgal species were investigated in this research, a wild 
type Chlorella species harvested from the clarifier of a wastewater treatment plant and 
Spirulina platensis UTEX 2340 obtained from the algal culture collection at UT Austin. 
Chlorella is a species of green (heterotrophic) algae that is found in many fresh water 
bodies including municipal wastewater.  It has been shown to grow well on various types 
of wastewater, including municipal and agricultural wastewaters and sludge centrate 
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(Craggs et al., 2004; García et al., 2006; Córdoba et al., 2008). Areal productivities (i.e. 
biomass production per unit light area) ranging from 15 to 30 g m-2 d-1 have been 
achieved in different studies (Park et al., 2010). Spirulina platensis are a species of 
cyanobacteria that has been studied for wastewater treatment by a number of researchers 
(Converti et al., 2006; Radmann et al., 2007; Rodrigues et al., 2010). S. platensis has 
been shown to tolerate free ammonia even at high pH (Boussiba, 1989). Due to its 
multicellular structure and ability to self-aggregate, simple gravity settling works well for 
harvesting S. platensis (Olguin, 2003).  
Although a variety of wastewaters have been studied for the production of algae, 
several common factors affect the productivity (Table 1.2). Key factors include nutrients 
(nitrogen, phosphorous, and micronutrient form and concentration), salinity, temperature, 
light availability, dissolved oxygen concentrations and reactor configuration.  
Table 1.2 Factors affecting algal growth (De la Noüe et al., 1992)  
Abiotic factors Biotic factors Operating factors 
pH Pathogens (bacteria, viruses) Agitation 
Nutrient concentrations Predation by zooplankton Renewal rate 
Ions, salinity Competition Addition of bicarbonate 
Toxicants 
 
Harvesting frequency 
Light (quantity, quality) 
 Temperature 
O2, CO2 concentrations 
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Algae production has been carried out in both open ponds and engineered 
photobioreactor systems, such as vertical or horizontal tubular reactors (Sánchez Mirón et 
al., 2000; Barbosa et al., 2004), flat-plate reactors (Morita et al., 2000) or membrane 
photobioreactors (Kumar et al., 2010b). Vertical tubular reactors, such as airlift 
bioreactors, are among the most popular types of photobioreactors because they provide 
fairly good gas transfer and light utilization efficiency. These properties allow them to 
achieve high biomass densities and harvesting efficiencies, resulting in high areal algal 
production rates (Carvalho et al., 2006). 
Despite the recent progress made in related technologies, a number of critical 
research gaps still remain to be overcome for feasible full scale operation of the proposed 
processes. These include the need for: 
i) Improved algal productivity and nutrient uptake rates on high-strength wastewater;  
ii) Improved performance of photo-bioreactors; 
iii) Improved algal harvesting and dewatering methods; 
iv) Greater understanding of the co-digestion of microalgae and activated sludge. 
1.2 Research Objectives 
The overall objective of this project was to investigate the integration of wastewater 
treatment, CO2 mitigation and biofuel production by algae into existing wastewater 
treatment infrastructures.  The specific objectives of this thesis were: 
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1. Investigation of the growth of S. platensis and Chlorella species on high strength 
wastewater for high yields for mass production; 
2. Investigation of microalgae growth and nutrient uptake rates on anaerobic digester 
centrate and a mixture of digester centrate and nitrified wastewater effluent under 
batch conditions; 
3. Investigation of the effects of high ammonia concentrations on the growth and 
nutrient uptake of S. platensis under continuous flow conditions in an airlift 
bioreactor. 
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CHAPTER 2: Microalgae Growth and Anaerobic Digestion  
 
This chapter has been submitted to the journal, Water Environment Research, as: 
 Microalgae Growth Using High Strength Wastewater Followed by Anaerobic Co-
digestion 
Xin Yuan1, Meng Wang1, Chul Park1, Ashish K Sahu2, Sarina J. Ergas3* 
1. Dept. Civil & Environmental Engineering, University of Massachusetts, Amherst, MA 
2. Aquateam-Norwegian Water Technology Center A/S, Oslo, Norway 
3*. Corresponding author: Dept. Civil & Environmental Engineering, University of South 
Florida, 4202 E. Fowler Ave. ENB 118, Tampa, FL, Phone: 813-974-1119; Fax: 813-
974-2957; email: sergas@eng.usf.edu 
 13 
 
ABSTRACT 
Integration of algal biofuel production into wastewater treatment plant anaerobic 
digestion infrastructure has the potential to increase biogas production, decrease high and 
variable internal nitrogen loads, and improve sludge digestibility and dewaterability.  In 
this research, two species of microalgae, Spirulina platensis and Chlorella sp., were 
grown on sludge centrate and a centrate/nitrified wastewater effluent mixture.  Harvested 
algae were co-digested with waste activated sludge (WAS) at varying ratios.  High 
growth (6.8 g m-2 d-1), nitrogen (36.5 g m-3 d-1) and phosphorous (6.5 g m-3 d-1) uptake 
rates were achieved with Chlorella on centrate.  No growth was observed with S. 
platensis under the same conditions; however, both organisms grew well on the 
centrate/effluent mixture.  Co-digestion of algae with WAS improved volatile solids 
reduction.  Co-digestion with S. platensis improved biosolids dewaterability; however, 
Chlorella had a slight negative impact on dewaterability compared to WAS alone. 
Keywords: Algae, biofuel, Spirulina, Chlorella, sludge centrate, wastewater, anaerobic 
digestion. 
2.1 INTRODUCTION 
In the presence of light, microalgae convert CO2 and nutrients to biomass that can 
be used as a source of fuel and/or other products (e.g. human and animal food, food 
supplements, pharmaceuticals, pigments; Chisti, 2007; Kumar et al., 2010).  Emerging in 
the 1970s during the oil crises (Sheehan et al., 1988), research on liquid and gaseous 
biofuel production using microalgae has recently received a great deal of attention as a 
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result of high oil prices and the potential for biosequestration of greenhouse gases 
(Ragauskas et al., 2006).  In addition, a renewed impetus for microalgae research has 
risen within the wastewater industry in the quest for more sustainable processes that 
reduce the carbon footprint while recovering energy and nutrients (Grönlund et al., 2004).   
Various strategies have been proposed for incorporation of algal biofuel 
production into municipal, industrial and agricultural wastewater treatment processes, 
including integration of algal photobioreactors into anaerobic biosolids digestion (Figure 
2.1).  In this process, centrate from anaerobic sludge digestion is used as a source of 
nutrients for algal growth, algae are harvested, and the dewatered algal biomass is co-
digested with waste activated sludge (WAS) to enhance methane generation and energy 
production.  Carbon dioxide from the combined heat and power unit can be recycled back 
to the algae cultivation system to increase algal growth rates.   Depending on the species 
of algae and growth conditions applied, lipids may be extracted for biodiesel production 
prior to anaerobic digestion (Liang et al., 2009).  Although this process has been 
proposed by a number of researchers (see Kumar et al., 2010 for recent review), key 
questions remain regarding the expected growth rates of different algal species on sludge 
centrate and the effect of algal co-digestion on anaerobic digester performance and 
subsequent dewatering processes.  The overall goals of this research were to investigate 
growth and nutrient uptake of two algal species, Spirulina platensis and Chlorella sp., 
while utilizing sludge centrate or a mixture of centrate and nitrified effluent as a growth 
medium.  Harvested algae were co-digested with WAS at varying algae/WAS ratios and 
anaerobic digester performance was evaluated.  
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Figure 2.1. Integration of algae cultivation, CO2 mitigation and biofuel production into 
anaerobic biosolids digestion infrastructure. 
2.1.1 Wastewater Treatment by Microalgae 
The use of microalgae as part of municipal wastewater treatment in open ponds 
(e.g., stabilization ponds, facultative ponds and lagoons) is well established (WEF, 1990).  
Studies have shown that BOD removal in open ponds is greater during seasons of greater 
algal productivity, as algae provide oxygen for bacterial biodegradation of organics 
(Oswald et al., 1957).  The treatment of dairy and piggery wastewater using microalgae 
has also been investigated by several researchers (Craggs et al. 2004; Kebede-Westhead 
et al. 2006; Mulbry et al. 2008). Few studies however, have investigated algae-based 
treatment of centrate from anaerobic digesters.  Although the COD of this waste stream is 
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usually poorly biodegradable, sludge centrate typically carries 15-20% of the total 
nitrogen (TN) load within the wastewater treatment plant (Fux et al., 2006).  This 
wastewater stream is generally circulated back to the headworks of the facility, resulting 
in high and irregular internal nutrient loads that may cause upsets in 
nitrification/denitrification processes. Improved effluent TN has been observed when 
separate treatment of centrate was employed (Wett and Alex, 2003).  
Although the concept of algal treatment of sludge centrate is promising, several 
toxicants present in centrate are known to inhibit the growth of microalgae (Munoz and 
Guieysse, 2006).  Among these, free ammonia is a serious concern, as the ammonia 
concentration of sludge centrate can be greater than 1,000 mg L-1 (Fux et al., 2006).  
Although ammonium is an excellent source of nitrogen for algal growth (Morris, 1974), 
free ammonia is toxic to most strains of microalgae due to the uncoupling effect of 
ammonia on photosynthetic processes in isolated chloroplasts (Crofts, 1966).  As the 
speciation of ammonium and ammonia is strongly dependent on pH, algal strains may not 
be significantly inhibited at low pH while considerable inhibition may occur at pH values 
of 9.0 or greater (Avoz and Goldman, 1982). A potential solution to this problem is to 
decrease the ammonia concentration in the algal bioreactor feedwater by diluting the 
centrate with other wastewater sources, such as nitrified effluent. 
Chlorella is a species of green (heterotrophic) algae that is found in many fresh 
water bodies including municipal wastewater.  It has been shown to grow well on various 
types of wastewater, including municipal and agricultural wastewaters and sludge 
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centrate (Craggs et al., 2004; García et al., 2006; Córdoba et al., 2008).  Areal 
productivities (i.e. biomass production per unit light area) ranging from 15 to 30 g m-2 d-1 
have been achieved in different studies (Park et al., 2010).  Although Chlorella is not 
significantly inhibited by free ammonia at near-neutral pH, considerable inhibition was 
observed at higher pH values (Mayo and Noike, 1994). 
Spirulina platensis are a species of cyanobacteria that has been studied for 
wastewater treatment by a number of researchers (Converti et al., 2006; Radmann et al., 
2007; Rodrigues et al., 2010).  Also known as blue-green algae, cyanobacteria constitute 
a phylum of obligate photoautotrophic bacteria; however, the presence of simple organic 
substrates such as glucose can stimulate mixotrophic growth in these organisms 
(Andradea and Costa, 2006).  S. platensis has been shown to tolerate free ammonia even 
at high pH (Boussiba, 1989).  Due to its multicellular structure and ability to self-
aggregate, simple gravity settling works well for harvesting S. platensis (Olguin, 2003).  
2.12 Anaerobic Co-digestion of Activated Sludge and Microalgae 
Anaerobic digestion processes have the ability to recover energy from various 
waste sources as methane. Although research on anaerobic digestion of algal biomass can 
be traced back over 40 years, there is little information on co-digestion of algae with 
wastewater sludge or the performance of anaerobic digesters with different species of 
algae.  Golueke et al. (1957) studied both mesophilic and thermophilic anaerobic 
digestion of algae and found that algal digesters had lower gas production and volatile 
solids reduction compared to the digestion of sludge alone.  The authors also found that 
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algal biomass digested under thermophilic conditions resulted in higher gas production 
than when mesophilic conditions were applied.  Variations in solids retention times 
(SRTs) between 11 and 30 days did not significantly affect gas production. Sialve et al. 
(2009) suggested that anaerobic digestion of algal biomass was the optimal method of 
energy recovery when the lipid composition in the algae was below 40%.  
The co-digestion of algae with other substrates has been shown to improve 
anaerobic digestibility of the algae by improving the feed composition.  Yen and Brune 
(2005) studied co-digestion of algae (Scenedesmus sp. and Chlorella sp.) with waste 
paper and found that the addition of 50% waste paper (based on volatile solids [VS]) 
increased methane production from 573 ± 28 to 1,170 ± 75 mL L-1 d-1.  In wastewater 
treatment plants, large amounts of WAS need to be properly treated, which makes this 
waste stream a more convenient algal co-substrate compared with food waste or waste 
paper.  Samson and LeDuy (1983) found that co-digestion of algae (Spirulina maxima) 
and WAS significantly increased methane yields under mesophilic conditions.   
2.2 Materials and Methods 
2.2.1 Algae Cultivation 
S. platensis UTEX 2340 was obtained from the Algae Culture Collection at the 
University of Texas, Austin.  A mixed culture of bacteria and algae consisting primarily 
of a Chlorella sp. (identification based on microscopic examination; hereafter this culture 
is referred to as Chlorella in this paper) was collected from a primary sedimentation tank 
at the Amherst Wastewater Treatment Plant (WWTP; Amherst, MA).  Both strains were 
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cultivated at 20 °C in 1 L flasks, which were maintained with shaking at 90 rpm using a 
G10 gyratory shaker (New Brunswick Scientific, Inc., Edison, NJ).  The flasks were 
covered with parafilm with openings for gas exchange.  Constant light was provided at 
9,000 lux using 12 Philips F30T12/CW/RS florescent tubes (Royal Philips Electronics, 
Netherlands).   
S. platensis was grown in modified Zarrouk medium containing (g L-1): NaHCO3 
(13.61), Na2CO3 (4.03), K2HPO4 (0.5), NaNO3 (1.25), NH4Cl (0.82), K2SO4 (1), NaCl (1), 
MgSO4·7H2O (0.2), CaCl2·2H2O (0.04).  The TN and total phosphorus (TP) 
concentrations were 412 and 90 mg L-1, respectively.  Chlorella was cultivated in 
modified Bristol Medium containing (g L-1): K2HPO4 (0.27), KH2PO4 (0.23), K2SO4 (1), 
NaNO3 (2.5), NaCl (0.025), MgSO4·7H2O (0.2), CaCl2·2H2O (0.02), peptone (0.1).  
Trace elements (e.g. Co, Mn, Fe, Mo and B12) were added to both types of media based 
on instructions from UT Austin’s Algae Culture Collection (web.biosci.utexas.edu/utex/).    
2.2.2 Algal Growth Experiments 
Batch algal growth experiments were conducted to study growth and nutrient 
uptake rates for S. platensis and Chlorella in sludge centrate and a mixture of centrate 
and nitrified effluent (Table 2.1).  Sludge centrate was obtained from a laboratory scale 
(4-L) semi-continuous anaerobic sludge digester operated in our laboratory (37 °C, ~40 
day SRT).  Secondary effluent was obtained from the Amherst WWTP.  Sodium nitrate 
(20 mg L-1 as N) was added to the effluent to bring the nitrate levels up a typical value for 
nitrified effluent (Table 1).  Both the centrate and wastewater effluent were filtered using 
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glass fiber filters (Whatman, Inc., Piscataway NJ) to remove suspended solids (SS).  
Autoclaved centrate and centrate/nitrified effluent mixtures were used as abiotic controls.  
Table 2.1 Characteristics of sludge centrate and sludge centrate/nitrified effluent mixture 
used in batch experiments. 
Parameter (mg L-1) Sludge centrate Centrate/nitrified effluent mixture 
COD  60-150 50-80 
TN  200-400 100-120 
NO3--N  3-30 20-30 
NH3-N  180-400 80-100 
TP  60-120 30-60 
Batch algal cultures were set up in 0.5 L glass bottles fitted with small perforated 
tubing for aeration.  Air enriched with 2% CO2 was bubbled into each flask at a flow rate 
of 500 ml/min, which was monitored using a mass flowmeter (Aaborg Instrument, 
Orangeburg, NY).  Light was provided by eight Philips F30T12/CW/RS florescent tubes 
(Royal Philips Electronics, The Netherlands) and two N:Vision 27 W daylight energy-
efficient light bulbs (NVISION, Atlanta, GA).  The lights were controlled by timers to 
provide either continuous or 12 hr light/12 hr dark light conditions. Liquid samples were 
normally collected on a daily basis and the volume collected was replaced with DI water 
to maintain a constant volume.  Algal productivity per unit illuminated surface (g m-2 d-1; 
hereafter referred to as productivity) was calculated as: 
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𝑉𝑟(𝑋𝑛 − 𝑋𝑛−1) + 𝑉𝑒𝑋𝑛
𝐴𝑖  
Where Xn is the biomass density on the nth day of operation, Vr is the reactor volume, Ve 
is the effluent volume on day n and Ai is the illuminated surface area of the reactor. 
2.2.3 Anaerobic Digestion Experiments 
Batch anaerobic co-digestion experiments were performed to study the effect of 
algae addition on the digestibility of WAS.  WAS was obtained from the Amherst 
WWTP.   Harvested algae were washed in tap water to remove excess salts.  Note that the 
algae used in these experiments were grown on either the modified Zarrouk or Bristol 
media described above.  Experiments were set up in 500 mL glass batch anaerobic 
digesters, which were seeded with 100 mL of anaerobically digested sludge (~ 1,500 mg 
L-1) obtained from the laboratory digester described previously.  The reactors were 
purged with N2 gas and digested under mesophilic conditions (37 °C) for 28 days with 
mixing.  
In the first set of digestion experiments, algae and WAS were added to the 
digesters to achieve the following volumetric algae/WAS ratios: 100%, 70%, 50%, 30%, 
and 0%.  As the algal biomass concentration was lower than that of the WAS, the 
resulting algae/WAS mass ratios were: 100%, 52%, 32%, 17% and 0%.   In the second 
set of anaerobic digestion experiments both S. platensis and Chlorella were studied.  As 
the amount of harvested algae available in a WWTP is expected to be smaller than the 
amount of WAS available, the algae fraction was decreased for these experiments. 
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Harvested algae and WAS were added to the digesters to achieve the following 
algae/WAS ratios: 100%, 15%, 5% and 0%.  During this stage, algae were harvested by 
centrifugation at 3,000 rpm for 10 min and both WAS and algae biomass densities were 
similar, therefore the mass and volumetric ratios were similar.   
2.2.4 Analytical Methods 
Measurements of biomass dry weight (DW), total solids (TS), volatile solids (VS) 
and capillary suction time (CST) were performed using Standard Methods (APHA et al., 
2005). Chemical oxygen demand (COD), TN and TP concentrations were measured 
using Hach Reagent kits (Hach Inc., Loveland, CO).  Nitrate and phosphate 
concentrations were measured using a Metrohm Peak 850 AnCat ion chromatograph 
(Metrohm Inc., Switzerland).  Ammonium concentrations were measured using Orbeco 
Reagent kits (Orbeco-Hellige Inc., Sarasota, FL). A calibrated Orion GS9156 pH meter 
(Thermo Fisher Scientific Inc., Waltham, MA) was used to measure pH.  Method 
detection limits (MDLs) were (mg L-1): COD (20), TN (1), TP (0.1), NO3--N (0.1), PO43- 
(0.1), NH3 (0.1).  An ExTexh Easyview 30 light meter (ExTech Inc., Waltham, MA) was 
used to measure light intensity.  Photon flux density (PFD) was measured using a KI-193 
Spherical Quantum Sensor with a LI-250 Light Meter (LI-COR, inc., Lincoln, NE). 
2.3 Results and Discussion  
2.3.1 Algal Growth Experiments 
Growth rates and biomass densities over time for Chlorella in sludge centrate 
under both 12 hr light/12 hr dark and continuous light conditions are shown in Figure 2.2.  
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Under 12 hr light/12 hr dark conditions, a peak biomass density of approximately 3,000 
mg L-1 and a maximum productivity of 6.8 g m-2 d-1 was achieved.  A higher biomass 
density (4,000 mg L-1) and productivity (15.6 g m-2 d-1) was observed under continuous 
light conditions, indicating that light availability limited Chlorella growth on centrate.  
 
Figure 2.2 Biomass dry weight and productivity of Chlorella in 100% sludge centrate 
under 12 h light/12 h dark (a) and 24 h light (b). 
The cultivation of S. platensis in sludge centrate was not successful as no 
significant growth was observed (data not shown).  Considering the ammonia tolerance 
of S. platensis at near neutral pH (Boussiba, 1989) and the performance of Chlorella in 
sludge centrate, ammonia inhibition was probably not the main reason for the poor 
growth of S. platensis.  S. platensis may have also been inhibited by the lack of 
availability of trace elements or other compounds (e.g. metals or vitamins), which are 
normally present in municipal wastewater but are not present in centrate. 
Growth rates and biomass densities for both Chlorella and S. platensis cultivated 
in a mixture of sludge centrate and nitrified secondary effluent are shown in Figures 2.3 
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and 2.4. Similar growth patterns were observed for Chlorella in the centrate/effluent 
mixture compared with 100% centrate (Figure 2.3).  The large differences in growth rates 
under different light conditions; however, were not observed in these experiments 
indicating that some other factor, such as nutrient availability, limited growth.  Note that 
in these experiments, the initial biomass density was reduced to approximately 1,000 mg 
L-1 to avoid depleting nutrients too quickly based on prior tests (data not shown).  Algal 
productivities of 4.8 and 5.5 g m-2 d-1 were achieved for Chlorella in the centrate/effluent 
mixture.  The lower productivity compared to its growth in centrate were most likely due 
to the lower nutrient concentrations in the mixture.  In contrast to the lack of growth in 
sludge centrate, S. platensis productivities of 2.4 and 2.8 g m-2 d-1 were achieved in the 
centrate/effluent mixture (Figure 2.4).  This suggests that either the centrate contained 
toxicants that inhibited S. platensis or that the wastewater effluent contained compounds 
or elements that were critical to the growth of S. platensis that were not present in the 
centrate.  When compared with the growth of Chlorella in the mixture, the productivity 
of S. platensis was generally 50% lower, suggesting that the growth of S. platensis was 
still limited by toxicants or the lack of a critical compounds or element. 
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Figure 2.3 Biomass dry weight and productivity of Chlorella in a centrate/nitrified 
effluent mixture under 12 hr light/12 hr dark (a) and 24 hr light (b). 
Figure 2.4 Biomass dry weight and productivity of S. platensis. in a centrate/nitrified 
effluent mixture under 12 hr light/12 hr dark (a) and 24 hr light (b). 
2.3.2 Algal Nutrient Removal  
Concentrations of COD and nitrogen and phosphorous species over time during 
the batch experiments with Chlorella in sludge centrate and S. platensis in the 
centrate/effluent mixture are shown in Figures 2.5 and 2.6.  Only the results of the 12 hr 
light/12 hr dark experiments are shown in detail, as these light conditions are closer to 
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natural conditions.  A summary of the maximum algal productivity and nutrient uptake 
rates for all experiments is shown in Table 2.2. 
 
Figure 2.5 COD and nitrogen and phosphorous species concentrations during batch 
experiments with Chlorella in centrate under 12 hr light/12 hr dark conditions. 
 
Figure 2.6 COD and nitrogen and phosphorous species concentrations during batch 
experiments with S. platensis. in centrate/nitrified effluent under 12 h light/12 h dark 
conditions. 
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Table 2.2 Maximum productivity and nutrient uptake rates for Chlorella and S. platensis 
growing on centrate and centrate/effluent mixture under different light conditions. 
Species Chlorella S. platensis 
Medium Centrate Centrate/Effluent  Mixture Centrate 
Centrate/Efflu
ent Mixture 
Light Condition 
(h/h) 24/0 12/12 24/0 12/12 24/0 12/12 24/0 12/12 
Max. Productivity 
(g/m2/d) 15.6 6.8 5.5 4.8 NG NG 2.8 2.4 
Max. TN Uptake 
Rate (g/m3/d) 49.3 36.5 39.5 35.4 NG NG 39.1 34.6 
Max. TP Uptake 
Rate (g/m3/d) 7.4 6.5 6.4 5.6 NG NG 6.9 5.5 
NG: no growth observed in these experiments. 
A preference for ammonia over nitrate was observed for both algal species, as 
significant nitrate uptake was only observed after 6 to 8 days when the ammonia 
concentration decreased to a similar level as the nitrate concentration.  Based on an 
approximate formula for algal biomass of C106H181O45N16P (Grobbelaar, 2004), 
approximately 80% of the observed TN removal could be accounted for by incorporation 
of nitrogen into algal biomass.  The remaining TN removal may have been due to free 
ammonia volatilization and/or the inaccuracy of the biomass formula used in the 
calculation.   
Throughout the experiments, the pH of the cultures ranged from 7.8 to 8.6.  Given 
an initial ammonia nitrogen concentration at approximately 190 mg L-1, the initial free 
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ammonia concentration should be close to 20 mg L-1 at this pH.  Although prior studies 
have reported inhibition of algae when the ammonia concentration was approximate 30 
mg L-1 (Källqvist and Svenson, 2003), based on the growth patterns observed, significant 
free ammonia inhibition was not observed in these experiments.  
The COD concentration in the reactors increased by approximately 30 mg L-1 for 
both species over the course of the experiments.  Considering the poor bioavailability of 
organic matter in sludge centrate, the increase in COD may have resulted from the release 
of soluble microbial products from the algal cells.  This indicates that microalgae may 
only be capable of removing nutrients other than COD from the sludge centrate or other 
type of wastewater, in which organic compounds are poorly bioavailable. This 
observation is in contrast to the finding of other researchers that microalgae remove a 
significant amount of COD from more biodegradable wastewaters (e.g. municipal, 
agricultural; Park et al., 2010).  
2.3.3 Comparison with Other Studies 
Algal growth rates achieved with Chlorella in this study compared favorably with 
those of other recent studies (Table 2.3).  Note that there is considerable variation in the 
data due to variations operational and environmental factors including temperature and 
nutrient and light availability.  For many Chlorella species, the optimum growth 
temperature is approximately 32 °C at low light intensity and 38 °C at high light intensity 
(Hanagata et al., 1992). This temperature is approximately 10-20 °C higher than the 
average temperature of a non-tropical area and also the temperature used in this study.  In 
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addition, for almost all algal species, growth increases nearly proportionally to the 
increase in light intensity when it is lower than the saturation point (Ogbonna and Tanaka, 
2000).  Other factors, such as mixing method, CO2 concentration, biomass density and 
the presence of inhibitory contaminants (e.g. free ammonia, heavy metals) may have also 
limited the productivity in this study.  
Table 2.3 Results of recent studies of Chlorella sp. under different conditions. 
Species Chlorella zofingiensis 
Chlorella 
vulgaris 
Chlorella 
vulgaris 
Chlorella 
sp. 
Media anaerobic effluent BG11 medium 
diluted textile 
wastewater 
sludge 
centrate 
Aeration/Mixing stir bar 6% CO2 bubbling paddle wheel 
2% CO2 
bubbling 
Light Intensity 
(μmol m-2 s-1) 
N/A1 50 135-1139 370-430 
Photo Period (hr 
light/hr dark) 24/0 12/12 natural light 
12/12 & 
24/0 
Temperature 
(°C) 
23-28 30 24-32 20 
Productivity 
(g/ m2/d) 
NP2 2.373 NP 6.8-15.6 
Specific Growth 
Rate (/d) 0.49 0.22 0.05-0.39 0.19-0.32 
Reference Córdoba et al., 2008 
Chinnasamy et 
al., 2009 Lim et al., 2010 This study 
1. N/A: could not be calculated from available data;  2. NP: not provided;  3. Calculated from 
data provided.  
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2.3.4 Anaerobic Co-digestion Experiments 
Initial experiments investigated co-digestion of S. platensis and WAS. The 
volatile solids reduction (VSR) data from five different batch digestion sets at varying 
algae/WAS mass ratios is shown in Figure 2.7.  It is worth noting that the algal biomass 
was well digested by itself under anaerobic conditions. The digestion of pure algal 
biomass resulted in approximately 57% VSR and this was even greater than 47% VSR 
observed for WAS alone.  As the data further shows, overall VSR generally increased 
with increasing algal composition in the digester.  The VSR value did not, however, 
change once the algal mass fraction became greater than 32%.  The digestion sets with 
52% and 32% algae performed much better than the set with WAS only and slightly 
better than 100% algae, indicating that addition of algae to existing anaerobic digesters 
can improve overall digestion efficiency and potentially generate more biogas.   
 
Figure 2.7 Volatile solids reduction for anaerobic co-digestion sets with harvested S. 
platensis/WAS at varying ratios. 
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Digestion of algal biomass resulted in favorable VS destruction under anaerobic 
conditions, which is different from previous findings (Golueke et al., 1957; 
Danthirebandara, 2009).  Golueke et al. (1957) showed that the VSR of algae did not 
exceed 44%, which was much lower than that of WAS, with VSR varying between 57 
and 60%. The digestion of marine algae resulted in lower VSR (~20 %) in mesophilic 
anaerobic digesters operated with an SRT of 20 days (Danthirebandara, 2009).  It is 
speculated that the difference seen between our study and the results of previous studies 
might be due to the different algal species used as well as the different cultivation 
conditions for algal growth.  The algal biomass digested in our study was harvested from 
batch reactors using synthetic medium (modified Zarrouk and Bristol media), while the 
algae digested by Golueke et al. (1957) were harvested from an oxidation pond and the 
main species were found to be Scenedesmus sp. and Chlorella sp. The marine algae used 
by Danthirebandara (2009) were harvested from a photobioreactor fed with urea or 
NaNO3, NaH2PO4∙2H2O and trace elements. As differences in nutrient feed, 
environmental conditions and bioreactor operating parameters may cause differences in 
digestibility, our future research will investigate anaerobic co-digestion of algae grown 
on sludge centrate in continuous culture, which was not feasible during this study. 
The yield of algal biomass from the proposed approach (Figure 2.1) is expected to 
be much lower than the yield of WAS in conventional wastewater treatment.  Therefore, 
in the second stage of co-digestion experiments, a lower algae/WAS ratio was used.  The 
second phase of digestion still included digestion set with 100% of algae to study its 
potential for anaerobic digestion.  Digesters with 100% WAS were used as controls.  For 
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this phase of digestion, both Chlorella and S. platensis were digested to investigate the 
effect of different algal species on anaerobic co-digestion.  
Data from the second set of algal co-digestion experiments are shown in Table 2.4. 
The digestion of 100% Chlorella and 100% S. platensis resulted in 68.1% and 51.3% 
VSR, respectively.  These values were much higher than the VSR (41.1%) obtained from 
digestion with WAS alone, which is consistent with the data shown in the earlier phase.  
Addition of 15% of Chlorella or S. platensis into the anaerobic digesters led to an 
improvement in VSR, as seen by the increase in VSR from 41.1% to 45.3% and 46.6%, 
respectively.  These results again show the benefit of anaerobic co-digestion of algae and 
WAS and indicate that addition of microalgae will improve sludge digestibility and 
generate more useful biogas. 
Table 2.4 Volatile solids (VS) reduction and initial and final capillary suction time (CST) 
for anaerobic co-digestion of WAS with harvested Chlorella and S. platensis. 
Mass fraction 
algae/WAS (%) Algal species 
VS reduction 
(%) 
CST (s) 
Before digestion After digestion 
0 100% WAS 41.1 40 471 
5 Chlorella 44.8 29 589 
15 Chlorella 45.3 26 862 
100 Chlorella 68.1 9.3 390 
5 S. platensis 42.8 44 290 
15 S. platensis 46.6 49 346 
100 S. platensis 51.3 19 893 
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The effect of anaerobic co-digestion on sludge dewaterability was also 
investigated during the second stage of anaerobic co-digestion experiments.  The 
dewaterability of all samples deteriorated after anaerobic digestion, as shown by 
increases in CST before and after digestion.  When 5% or 15% of S. platensis was co-
digested with WAS, the dewaterability of digested product improved compared to WAS 
alone.  This is worth noting, as addition of S. platensis improved not only VSR but 
generated a digested product with better dewaterabilty than digestion of WAS alone.  In 
contrast, addition of 5% or 15% of Chlorella led to a decrease in dewaterability in spite 
of better VSR, indicating that addition of different algal species can lead to different 
conditioning requirements and dewatering performance following anaerobic co-digestion.  
From the current investigation, S. platensis appears to be a better algal species for 
anaerobic digestion due to better dewaterability and improved VSR when 15% biomass 
was added.  Note however, that higher algal growth and nutrient uptake rates were 
observed with Chlorella compared with S. platensis. 
2.4 Conclusions 
This study investigated the integration of algae cultivation, CO2 mitigation and 
biofuel production into anaerobic wastewater sludge digestion infrastructure.  Two 
species of microalgae, S. platensis and a wild type Chlorella sp., were grown on sludge 
centrate and a mixture of centrate and nitrified wastewater effluent.  Harvested algae 
were co-digested with WAS from an activated sludge treatment facility at varying 
algae/WAS ratios.  Major findings of this study were: 
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• High growth (6.8 g m-2 d-1), nitrogen (36.5 g m-3 d-1) and phosphorous (6.5 g m-3 d-1) 
uptake rates were achieved when Chlorella was grown on the anaerobic digester 
centrate with a 12 hr d-1 photoperiod.  Light availability appeared to limit Chlorella 
growth on centrate.  
• Insignificant growth was observed with S. platensis on 100% anaerobic sludge 
centrate, possibly due to inhibition by the presence of toxicants or the lack of critical 
growth substrates.  Both species grew well on the centrate/nitrified effluent mixture.   
• Both species quickly depleted nitrogen and phosphorous from the growth medium 
and preferentially utilized ammonia as a nitrogen source over nitrate.  COD 
concentrations increased slightly over time, indicating that the COD in the centrate 
was not bioavialable even to photoheterotrophic algae such as Chlorella.   
• Anaerobic co-digestion studies showed that the addition of either algal species to 
WAS improved VSR compared with digestion of WAS alone.  These results indicate 
that microalgae addition will improve the digestibility of sewage sludge and possibly 
generate more useful biogas.   
• The addition of 5% or 15% S. platensis improved the dewaterability of anaerobically 
digested biosolids; however, Chlorella addition had a negative impact on 
dewaterability.  These results indicate that the addition of different algal species can 
lead to different conditioning requirements and dewatering performance following 
anaerobic co-digestion. 
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The results show that this strategy has strong potential to increase biogas production, 
decrease high and variable internal nitrogen loads, improve sludge digestibility and 
improve biosolids dewaterability. 
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Abstract 
Spirulina platensis was cultivated in a bench-scale airlift photobioreactor using synthetic 
wastewater (total nitrogen 412 mg/L, total phosphorous 90 mg/L, pH 9-10) with varying 
ammonia/total nitrogen ratios (50-100% ammonia with balance nitrate) and hydraulic 
residence times (15-25 d). High average biomass density (4,200 mg/L) and productivity 
(5.1 g m-2 d-1) were achieved when ammonia was maintained at 50% of the total nitrogen 
provided. Both high ammonia concentrations and mutual self-shading, which resulted 
from the high biomass density in the airlift reactor, were found to partially inhibit the 
growth of S. platensis.  The performance of the airlift bioreactor used in this study 
compared favorably with other published studies.  The system has strong potential for the 
treatment of high strength wastewater while producing algal biofuels or other products, 
such as human and animal food, food supplements or pharmaceuticals.  
Keywords 
Airlift bioreactor, algae, ammonia, high strength wastewater treatment, Spirulina 
platensis  
3.1 Introduction 
Microalgae cultivation has been practiced worldwide for production of biofuels 
and other products, such as human and animal food, food supplements, pigments and 
pharmaceuticals (Chisti, 2007, Kumar et al., 2010a).  In addition to light and CO2, the 
provision of nitrogen (N), phosphorus (P) and micronutrients are essential for the growth 
of algae. In common commercial algae media, fertilizers containing N in the form of 
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nitrate (NO3-) are typically used as the main N source.  However, greater economic 
sustainability can be achieved if commercial fertilizers are replaced by impaired water 
sources, such as municipal, agricultural or industrial wastewaters.  This strategy also 
yields additional benefits since algae remove nutrients (N and P) from the wastewater.  
The presence of N and P in wastewater discharges is a world-wide environmental 
problem, which results in eutrophication and hypoxia in wastewater receiving waters. 
Implementation of nutrient removal of a conventional wastewater treatment facilities also 
carries high energy, chemical and sludge disposal costs (Metcalf & Eddy, 2003).   
Several types of wastewater that contain high concentrations of ammonia have 
been proposed for algal cultivation, including livestock effluents and centrate from 
anaerobic digestion of sludges (Craggs et al. 2004; Kebede-Westhead et al. 2006; Mulbry 
et al. 2008; Wang et al., 2009; Kumar et al., 2010a).  However, toxicants present in these 
wastewaters can inhibit the growth of microalgae (Munoz and Guieysse, 2006).  Among 
these toxicants, free ammonia is a serious concern, as the ammonia concentrations in 
these wastewater sources range from a few hundred to greater than 1,000 mg/L (Fux et 
al., 2006).  Although ammonia is an excellent source of N for algal growth (Morris, 
1974), free ammonia is toxic to most strains of microalgae due to the uncoupling effect of 
ammonia on photosynthetic processes in isolated chloroplasts (Crofts, 1966). The 
speciation of ammonia and ammonium is strongly dependent on pH; algal strains may not 
be significantly inhibited by free ammonia at low pH while considerable inhibition may 
occur at pH values of 9.0 or higher (Avoz and Goldman 1982). A potential solution to 
this problem in wastewater treatment facilities is to decrease the ammonia concentration 
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in the algal growth reactor feedwater by diluting the high ammonia wastewaters with 
other wastewater sources, such as nitrified secondary effluent.   
This research utilized cultures of Spirulina platensis, a species of obiligate 
phototrophic cyanobacteria (blue-green algae).  Due to its rich protein, vitamin and 
potassium content, S. platensis has been used as a human dietary supplement, as well as a 
food and feed supplement in the aquaculture, aquarium, and poultry industries (Vonshak 
et al., 1991). In addition, due to its multicellular structure and ability to self-aggregate, 
gravity settling, relatively inexpensive separation methods, work well for harvesting S. 
platensis (Olguin, 2003), making it a promising species for algal biofuel production.  S. 
platensis has been shown to be moderately tolerant of free ammonia even at high pH 
(Boussiba, 1989).   
Algae production has been carried out in both open ponds and engineered 
photobioreactor systems, such as vertical or horizontal tubular reactors (Sánchez Mirón et 
al., 2000; Barbosa et al., 2004), flat-plate reactors (Morita et al., 2000) or membrane 
photobioreactors (Kumar et al., 2010b). Vertical tubular reactors, such as airlift 
bioreactors, are among the most popular types of photobioreactors because they provide 
good gas transfer and light utilization efficiency. These properties allow them to achieve 
high biomass densities and harvesting efficiencies, resulting in high areal algal 
production rates (Carvalho et al., 2006).   
An airlift photobioreactor is a column-like reactor that consists of a riser (upflow 
region) and a downcomer, as shown in Figure 3.1a. They are typically constructed from 
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polyethylene or glass tubing that is sufficiently transparent to allow good light 
penetration. Sunlight or artificial light is usually provided from outside of the reactor; 
however, light can also be provided from inside to minimize light attenuation. An air or 
CO2/air mixture is bubbled into the reactor at the base of the riser to separate the reactor 
volume into gassed and ungassed regions. Flue gases from power plants have also been 
proposed to provide a more sustainable supply of CO2 to the algae and reduce greenhouse 
gas emissions (Kumar et al., 2010b).  Liquid circulation is induced by the hydrostatic 
disequilibrium caused by the density difference between the riser and the downcomer. 
This design generates a vertically circulating flow, which provides good overall mixing, 
sufficient supply of CO2, and efficient removal of O2 (Carvalho et al., 2006). This 
prevents O2 toxicity due to dissolved oxygen (DO) accumulation in the growth medium, 
which has been shown to be a problem in closed reactors (Pulz, 2001). 
 
Figure 3.1 Airlift photobioreactor schematics: a) showing reactor principle and b) 
showing dimensions of the bench-scale reactor used in this study. 
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The overall goal of this research was to investigate novel approaches for 
production of algae using high strength wastewater as a nutrient source. The specific goal 
of the experiments was to investigate the growth of S. platensis on synthetic high 
nitrogen concentration wastewater under varying operating conditions in an airlift 
photobioreactor. 
3.2 Materials and Methods 
3.2.1 Algae Cultivation 
Spirulina platensis UTEX 2340 cultures were obtained from the Algae Culture 
Collection at the University of Texas, Austin.  The algae were cultivated at 20 °C in 1 L 
flasks, which were maintained with shaking at 90 rpm using a G10 gyratory shaker (New 
Brunswick Scientific, Inc., Edison, NJ).  The flasks were covered with Parafilm™ with 
side openings for gas exchange. Constant light was provided at 9,000 lux (400 μmol m-2 
s-1) using 12 Philips F30T12/CW/RS florescent tubes (Royal Philips Electronics, 
Netherlands). S. platensis was grown in modified Zarrouk medium containing (g L-1): 
NaHCO3 (13.61), Na2CO3 (4.03), K2HPO4 (0.5), NaNO3 (1.25), NH4Cl (0.82), K2SO4 (1), 
NaCl (1), MgSO4·7H2O (0.2), CaCl2·2H2O (0.04).  The total nitrogen (TN) and total 
phosphorus (TP) concentrations of the medium were 412 and 90 mg L-1, respectively.  
3.2.2 Bioreactor Experiments 
Continuous flow experiments were carried out with S. platensis in a bench-scale 
airlift photobioreactor in a 20 °C constant temperature room.  A schematic of the bench-
scale reactor is shown in Figure 3.1b. The reactor was constructed from transparent 
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acrylic tubing (McMaster-Carr, Atlanta, GA), with an effective volume of 1.5 L and 
illuminated surface area of 0.08 m2. The reactor was operated with a synthetic wastewater 
feed, which consisted of the Zarrouk medium described in Section 3.2.1 modified to 
provide varying ammonia/TN ratios (Table 3.1), while maintaining a constant TN 
concentration of 412 mg L-1 by adding NaNO3 to the feedwater. Compressed house air 
was supplied to the base of the reactor using a porous air diffuser.  The gas flow rate was 
monitored using an Aaborg Instruments (Dakota Instrument, Orangeburg, NY) mass 
flowmeter.  A Masterflex C/L pump (Vernon Hills, IL) was used to supply the feedwater 
to the reactor. Twelve Philips F30T12/CW/RS florescent tubes (Royal Philips Electronics, 
Netherlands) surrounded the reactor and provided a total light intensity of 9,000 lux (400 
μmol m-2 s-1).   
The experiment was conducted at varying ammonia/TN ratios, hydraulic retention 
times (HRT) and photoperiods (shown in Table 3.1).  The reactor pH was maintained 
between 9 and 10, which is the optimal range for S. platensis (Boussiba, 1989).  The 
dissolved DO was assumed to be near saturation due to constant aeration with house air. 
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Table 3.1 Summary of operational parameters used in airlift photobioreactor studies. 
Experimental phase 1 2 3 4 5 
Days 0-20 21-40 41-60 61-80 81-130 
Duration (days) 20 21 19 19 49 
HRT (d) 15 20 25 15 15 
NH3-N/TN (%) 50 75 100 50 50 
TN loading rate 
 (mg L-1d-1) 
27.5 20.6 16.5 27.5 27.5 
Hours of Continuous 
Light per day  24 24 24 24 12 
3.2.3 Analytical Methods 
Biomass dry weight (DW) was measured using Standard Methods 2540 D (APHA 
et al., 2005). Optical density (OD) was measured using a GENESYS 10 UV 
spechtrophotometer (Thermo Spechtronic, Rochester, NY) at 560 nm (Leduy and Therien, 
1977).  Calibration curves were prepared between OD and DW for algal biomass density 
measurements.  Algae productivity was calculated based on the biomass density 
measurements as: 
 
Where Xn is the biomass density on the nth day of reactor operation, Vr is the reactor 
volume, Ve is the effluent volume on day n and Ai is the illuminated surface area of the 
reactor. 
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TN and TP concentrations were measured using Hach Reagent kits (Hach Inc., 
Loveland, CO).  Anion (NO3-, PO4-) concentrations were measured using a Metrohm 
Peak 850 Professional AnCat ion chromatography (IC) system (Metrohm Inc., 
Switzerland).  Orbeco Reagent kits (Orbeco-Hellige Inc., Sarasota, Florida) were used to 
measure ammonia concentration.  An ExTexh Easyview 30 light meter (ExTech Inc., 
Waltham, MA) was used to measure light intensity. Photon flux density (PFD) was 
measured using a KI-193 Spherical Quantum Sensor with a LI-250 Light Meter (LI-COR, 
inc., Lincoln, Nebraska). A calibrated Orion GS9156 pH meter (Thermo Fisher Scientific 
Inc., Waltham, MA) was used to measure pH.  Method detection limits (MDLs) were (mg 
L-1): TN (1), TP (0.1), NO3--N (0.1), PO42- (0.1), NH3-N (0.1). 
3.3 Results and Discussion 
Continuous algal photobioreactor experiments were carried out for approximately 
five months.  Influent TN concentrations were maintained at 412 mg L-1 throughout the 
experiment.  Effluent concentrations of N species (NH3, NO3- and TN) and biomass 
density were measured on a daily basis throughout the experiments, and are shown in 
Figures 3.2 and 3.3.  Table 3.2 summarizes the average TN and TP removal efficiency, N 
loading and uptake rate, biomass density and algal productivity during each of the 
experimental phases. 
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Figure 3.2 Photobioreactor effluent TN and ammonia concentrations over time (NO3--N 
= TN − NH3-N).  Note that the influent TN concentration was maintained at 412 mg L-1.  
HRT was varied from 15 to 25 days to maintain a constant ammonia loading rate on the 
system.  
 
Figure 3.3 Biomass density and productivity in the airlift reactor over time. 
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Table 3.2 Summary of average data from each phase of the airlift reactor study. 
Experimental phase 1 2 3 4 5 
HRT(d) 15 20 25 15 15 
NH3-N /TN (%) 50 75 100 50 50 
TN Loading (mg L-1 d-1) 27.5 20.6 16.5 27.5 27.5 
TN Removal Efficiency (%) 81 66 64 84 80 
TN Uptake (mg L-1 d-1) 22.2 13.6 10.6 23.1 22.0 
TP Removal Efficiency (%) 49 30 23 51 48 
Biomass Density 
(g L-1 Dry Weight) 
3.5 3.6 4.2 3.8 3.4 
Productivity per Unit 
Illuminated Area (g m-2 d-1) 5.0 3.9 3.0 5.1 4.5 
3.3.1 Nutrient Removal 
During the first three experimental phases, the fraction of the influent TN 
provided as ammonia was increased from 50 to75 and to 100%, while a constant 
ammonia loading rate of approximately 15 mg N L-1 d-1 was maintained by controlling 
the influent flow rate.  This was done because during preliminary experiments (data not 
shown), ammonia loading rates above this level resulted in high ammonia accumulation 
in the bioreactor, significantly inhibiting the growth of S. platensis. 
Higher N removal efficiencies were achieved when the ammonia/TN ratio in the 
feedwater was maintained at 50%, even though the overall N mass loading rate was 
slightly higher under these conditions. During Phases 2 and 3, measured reactor ammonia 
concentrations ranged from 75 to 125 mg N L-1 (Figure 3.2) resulting in a 23% decrease 
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in algal productivity (Figure 3.3) compared with Phases 1, 4, and 5, when the ammonia 
concentration in the reactor ranged from 20-40 mg N L-1.  Similar results were observed 
by Belkin and Boussiba (1991), who found that only 40% of the maximum activity of S. 
platensis was achieved in the presence of 280 mg NH3-N L-1 and a pH of 10. At high 
concentration, the presence of free ammonia has been shown to slow microalgal 
productivity in the “self-inhibition” mode (Rittman and McCarty, 2001).   TP removal 
efficiency ranged from 23-51% (Table 3.2) and the trends closely followed the TN 
removal trends. The lowest effluent TP concentrations observed were approximately 45 
mg L-1, indicating that P did not limit the growth of algae during these experiments. Note 
that many high strength wastewater will have lower P/N ratios than the medium used in 
this study so that P availability may limit algal productivity in real wastewater. 
The N loss by ammonia stripping was evaluated by comparing measured biomass 
growth rates (Table 3.2) with theoretical growth rates, which were calculated from the 
measured N uptake rates (Figure 3.2), assuming an approximate molecular formula for 
microalgae of C106H181O45N16P (Grobbelaar, 2004).  The ratios between measured and 
theoretical biomass growth rates for all data points were close to 1, with an average value 
of 1.08 and a standard deviation of 0.57.  This indicates that the stripping of ammonia 
during the experiment was not significant.  The low ammonia losses were probably due 
to both controlled aeration in the airlift reactor and the fact that the high algal density 
maintained a low ammonia concentration in the reactor compared with the high ammonia 
concentration in the feedwater. 
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3.3.2 Algal Productivity  
Throughout the experiment, the reactor biomass density varied between 3,000 and 
4,200 mg L-1, as shown in Figure 3.3.  Note that the mean cell residence time of the 
reactor was always the same as the HRT, since there was no solid-liquid separation and 
recycle process.  The highest average biomass density (4,200 mg L-1) and lowest 
productivity (3.0 g m-2 d-1) were observed during Phase 3, which corresponded with the 
longest mean cell residence time (25 d). Mutual shading of algal cells decreases 
productivity by exponentially reducing the light intensity as the light penetrates the 
culture (Carlsson, 2007). When biomass dry weight values were over 4,000 mg L-1 
(Phase 3), light penetration depths (the depth to which light energy is 10% of incident 
light) are expected to be less than 1 cm for blue (410 to 450 nm) and red (670 to 678 nm) 
light, which are the most photosynthetically active radiance (Richmond, 2004).  In 
addition, light penetration depth varies almost linearly with biomass density (Richmond, 
2004). This indicates that light availability was expected to decrease significantly when 
the biomass density increased above 3,500 mg L-1.  The decrease in light availability thus 
also contributed to the overall differences in productivities observed in the first four 
phases.  In Phase 5; however, both productivity and nitrogen uptake decreased even 
though biomass density was lower than in Phase 4. This was due to decreased light 
exposure, as the photoperiod was reduced from 24 to 12 hours per day.  
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3.3.3 Comparison with Other Studies 
A comparison of algal productivity values obtained in this study with a number of 
published studies is shown in Table 3.3. Two major factors included in the table have 
significant influence on algal productivity: temperature and light availability. For most 
chemical reactions, including enzymatic ones, reaction rates increase as temperature 
increases. Especially near room temperature (approximately 20 °C), the reaction rate is 
expected to roughly double if the temperature increases by 10 °C (Rittmann and McCarty, 
2001).  S. platensis generally favors temperatures above 30 °C (Davison, 1991), which is 
approximately 10 °C higher than the temperature used in this study.  In addition, 
microalgae experience growth, light limitation, light saturation and light inhibition as the 
light intensity increases. The intensity of light saturation and inhibition varies for 
different species and for the same species under different conditions, yet for almost all 
species, algal growth increases nearly proportionally to the increase in light intensity 
when it is lower than the saturation point (Ogbonna and Tanaka, 2000). The light 
intensity provided in this study was 9,000 to 10,000 lux (approximately 400 μmol m-2 s-1), 
which is approximately 20% of the intensity provided by Richmond et al. (1990) and 
Vonshak and Guy (1991); or 60% of that of Rodrigues et al. (2010).  Richmond et al. 
(1990) also concluded that an average productivity of 25 to 27 g m-2 d-1 during May to 
October and 12 to 14 g m-2 d-1 during November to April could be obtained based on the 
temperature and light conditions in a subtropical climate.  In addition to the difference in 
light intensity, the length of the time when light was provided also varied between the 
studies (12 to 24 hour per day).   As mentioned previously, both high biomass 
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concentrations and high ammonia concentrations under high pH conditions, limited the 
productivity of the algae in this study.  No ammonia was added to the medium in the 
other studies. Hence, the combination of lower temperature, lower light intensity and 
higher ammonia concentration explains the differences in the productivity achieved in 
this study and those achieved by other researchers.  
3.4 Conclusions 
The influence of high ammonia concentrations on the growth of S. platensis was 
investigated in a bench-scale airlift photobioreactor.  Both free ammonia and the mutual 
self shading were inhibitory to S. platensis productivity.   However, these effects could be 
controlled by increasing reactor HRT or blending the high ammonia containing 
wastewaters with wastewater containing nitrate, such as nitrified wastewater effluent.   
The study reveals great potential for microalgae production combined with treatment of 
high strength wastewater; however, further research is needed with real wastewaters to 
understand how the algal growth is affected by other toxicants or suspended solids 
present in the wastewater. 
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Table 3.3 Summary of S. platensis productivity under different conditions. Zarrouk or similar media were used in all studies.  
Reactor Type NH3-N
1  
(mg L-1) 
Light 
intensity 
(lux) 
Photon Flux 
Density  
(μmol m-2 s-1) 
Photo Period 
(light/dark) 
Temperature 
(°C) 
Aerial 
Productivity  
(g/ m2/d) 
Volumetric  
Productivity 
(g/L/d) 
Reference 
Open raceway  0 NP 1,000-1,500 Outdoors 28-37 16.4-19.2 NP Richmond et al., 1990 
Open pond 0 NP 1,100-2,000 Outdoors 19-33 11.5-18.3 NP Vonshak and Guy, 1991 
Flasks 0 NP 32.5-58.5 12/12 30 NP 0.32 Andradea and Costa, 2006 
Airlift reactor 0 NP 120 24/0 30 4.0-8.5 NP Converti et al.,  2006 
Open raceway  0 3,000 NP 12/12 30 NP 0.028-0.046 Radmann et al., 2007 
PVC mini-
tanks 7.5 13,000 156 12/12 30 10.2 0.25 
Rodrigues et al., 
2010 
Airlift reactor 61.8 9,000 370-430 12/12 & 24/0 20 3.0-5.1 0.16-0.28 This study 
1. Concentration of free ammonia calculated from media composition and initial pH; NP = not provided. 
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CHAPTER 4: Conclusions 
This study investigated the integration of algae cultivation, CO2 mitigation and 
biofuel production into anaerobic wastewater sludge digestion infrastructure. Growth of 
two algal species, Spirulina platensis and Chlorella sp on different wastewater sources 
under batch condition and the effect of high ammonia concentrations on S. platensis 
under continuous flow conditions in an airlift bioreactor were studied for high biomass 
yields and nutrient uptake rates for mass production.  The performance of an airlift 
photobioreactor was also evaluated as an effective approach for algae production. Major 
findings of this study were: 
• Under batch conditions, high growth (6.8 g m-2 d-1), nitrogen (36.5 g m-3 d-1) and 
phosphorous (6.5 g m-3 d-1) uptake rates were achieved when Chlorella was grown on 
the anaerobic digester centrate with a 12 hr d-1 photoperiod.  Light availability 
appeared to limit Chlorella growth on centrate.  
• Insignificant growth was observed with S. platensis on 100% anaerobic sludge 
centrate, possibly due to inhibition by the presence of toxicants or the lack of critical 
growth substrates.  Both species grew well on the centrate/nitrified effluent mixture.   
• Both species quickly depleted nitrogen and phosphorous from the growth medium 
and preferentially utilized ammonia as a nitrogen source over nitrate.  COD 
concentrations increased slightly over time, indicating that the COD in the centrate 
was not bioavailable even to mixotrophic algae such as Chlorella.  
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• Under continuous flow condition, S. platensis achieved biomass densities over 4000 
mg L-1 and productivities up to 5.1 g m-2 d-1. Free ammonia at high concentration and 
the mutual self shading were found inhibitory to S. platensis productivity. However, 
these effects could be controlled by increasing reactor HRT or blending the high 
ammonia containing wastewaters with wastewater containing nitrate. 
The results show that this strategy has strong potential to increase biogas production 
and to decrease high and variable internal nitrogen loads.  Future research should focus 
on algae strains that have higher growth rates on wastewater media (and also have higher 
lipid contents) for more efficient biofuel production.  Other novel photobioreactor 
configurations that can offer higher areal productivity at a lower energy input should also 
be investigated.  
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Appendix A: Laboratory Results 
1. Test of Ammonia Inhibition  on Spirulina platensis under Batch Condition (Dec, 2009) 
Biomass Concentration (mg/L) Specific Growth Rate (/d) Relative Growth Rate (%) 
Date N-1 N-2 A-1 A-2 Date N-1 N-2 A-1 A-2 Date N-1 N-2 A-1 A-2 
12/6 858.3 600.0 499.0 499.0 12/7 0.32 0.38 0.58 0.62 12/7 86.6 100 153.4 163.2 
12/7 1141.2 828.3 790.4 809.0 12/8 0.37 0.39 0.58 0.49 12/8 95.5 100 150.7 127.7 
12/8 1567.9 1152.4 1256.5 1213.3 12/9 0.22 0.22 0.07 0.21 12/9 97.7 100 31.7 94.5 
12/9 1915.9 1414.2 1347.0 1474.0 12/10 0.06 0.06 0.14 0.03 12/10 98.5 100 229.8 60.7 
12/10 2031.1 1500.5 1536.0 1528.7 
          
  
No ammonia was added to N-1 & N-2. A-1 & A-2 received ammonia at different concentration each day, which 
increased from 5 to 30 mg/L as N. Please also refer to the progress report submitted to Aquateam in Dec, 2009.
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2. Batch Experiment: Chlorella on Sludge Centrate under 12 h Light 
Date 
Dry Weight 
(mg/L) 
Productivity 
(g/m2/d) 
TN Conc 
(mg/L) 
COD 
(mg/L) 
Nitrate (mg/L 
as N) 
Phosphate (mg/L 
as P) 
NH3 (mg/L 
as N) 
TP (mg/L 
as P) 
11-Mar 1270 
 
228.0 51.2 37.7 23.9 188.0 123.1 
12-Mar 1350 1.6 202.1 53.6 39.6 25.7 161.4 117.5 
13-Mar 1525 3.5 160.2 55.8 44.1 28.1 119.8 110.2 
14-Mar 1820 5.9 121.6 58.5 35.3 28.9 85.2 108.7 
15-Mar 2160 6.8 82.3 63.2 30.5 30.4 40.7 107.9 
16-Mar 2480 6.4 46.9 68.561 28.3 31.7 28.1 106.7 
17-Mar 2740 5.2 30.4 72.9 15.1 33.9 13.6 105.1 
18-Mar 2860 2.4 25.7 78.586 8.4 35.3 10.0 103.8 
19-Mar 2985 2.5 21.8 79.2 3.2 37.1 7.9 102.4 
20-Mar 2980 -0.1 20.5 80.4 2.2 39.2 7.3 101.5 
21-Mar 2780 -4.0 20.8 80.2 1.1 41.7 6.9 100.6 
22-Mar 2560 -4.4 20.9 80.1 0.5 44.1 5.1 99.7 
Reference: Chapter 2. 
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3. Batch Experiment: Chlorella on Sludge Centrate under 24 h Light 
Date Dry Weight (mg/L) 
Productivity 
(g/m2/d) 
TN Conc 
(mg/L) 
COD 
(mg/L) 
NO3- (mg/L 
as N) 
PO43- (mg/L 
as P) 
NH3 (mg/L 
as N) 
TP (mg/L 
as P) 
23-Mar 1410.0 
 
209.4 14.4 3.7 16.8 204.5 62.8 
25-Mar 1533.8 1.2 200.0 16.4 1.8 18.4 193.6 60.9 
28-Mar 1757.5 1.5 172.4 38.5 1.1 23.7 167.5 58.7 
30-Mar 2017.3 2.6 134.6 51.2 0.8 30.2 131.3 55.4 
1-Apr 2430.0 4.1 85.7 68.6 0.7 38.5 80.2 52.0 
3-Apr 4000.0 15.6 14.8 78.6 0.2 48.1 4.7 46.5 
5-Apr 3926.2 -0.7 15.1 80.4 0.3 60.3 4.5 45.6 
7-Apr 3840.0 -0.9 15.9 80.1 0.5 63.6 4.6 45.8 
Reference: Chapter 2. 
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4. Batch Experiment: Chlorella on Sludge Centrate under 24 h Dark 
Date 
Adjusted  Dry 
Weight (mg/L) Productivity (g/m2/d) TN Conc (mg/L) NO3 (mg/L as N) COD (mg/L) 
23-Mar 1410.0 
 
209.4 3.6 14.4 
25-Mar 1370.0 -0.4 202.5 3.0 18.5 
28-Mar 1288.0 -0.5 205.7 1.8 20.1 
30-Mar 1190.0 -1.0 206.6 2.7 21.9 
1-Apr 1300.0 1.1 206.9 3.1 24.0 
3-Apr 1370.0 0.7 207.3 3.1 26.5 
5-Apr 1230.0 -1.4 205.0 2.2 23.2 
7-Apr 1180.0 -0.5 201.1 3.3 24.5 
Reference: Chapter 2. 
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5. Batch Experiment: Spirulina platensis on Sludge Centrate under 12 h Light 
Date 
Adjusted  Dry 
Weight (mg/L) Productivity (g/m2/d) 
23-Mar 1320.0 
 
25-Mar 1280.0 -0.4 
28-Mar 1269.0 -0.1 
30-Mar 1206.0 -0.6 
1-Apr 1300.0 0.9 
3-Apr 1290.0 -0.1 
5-Apr 1275.0 -0.1 
7-Apr 1190.0 -0.8 
Reference: Chapter 2. 
 69 
 
6. Batch Experiment: Chlorella on Sludge Centrate and Secondary Effluent mixed with Nitrate under 12 h Light 
Day Dry Weight (mg/L) 
Productivity 
(g/m2/d) 
TN Conc 
(mg/L) 
COD 
(mg/L) 
NO3- 
(mg/L as 
N) 
PO43- 
(mg/L as P) 
NH3 (mg/L 
as N) 
TP (mg/L 
as P) 
1 1040 
 
118.0 44.4 27.7 13.9 88.0 53.1 
2 1080 1.6 112.1 46.4 29.6 15.7 81.4 47.5 
3 1130 1.8 110.2 48.5 24.1 18.1 79.8 47.2 
4 1250 3.3 101.6 51.2 25.3 18.9 75.2 48.7 
5 1360 3.2 92.3 55.6 20.5 20.4 35.7 47.9 
6 1480 3.5 56.9 58.6 18.3 21.7 28.1 46.7 
7 1660 4.8 40.4 60.4 18.1 23.9 13.6 45.1 
8 1720 2.5 35.7 66.1 18.4 25.3 10.0 43.8 
9 1770 2.3 31.8 69.6 13.2 27.1 7.9 42.4 
10 1820 2.4 30.5 72.1 12.2 29.2 7.3 41.5 
11 1850 2.0 30.8 75.4 11.1 31.7 6.9 40.6 
12 1810 0.6 30.9 75.0 10.5 34.1 5.1 39.7 
Reference: Chapter 2. 
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7. Batch Experiment: Chlorella on Sludge Centrate and Secondary Effluent mixed with Nitrate under 24 h Light 
Day Dry Weight (mg/L) Productivity (g/m
2/d) TN Conc (mg/L) 
NO3- (mg/L 
as N) 
PO43- (mg/L 
as P) 
NH3 (mg/L 
as N) 
TP (mg/L as 
P) 
1 1120 
 
228.0 37.7 23.9 188.0 123.1 
2 1150 1.5 202.1 39.6 25.7 161.4 117.5 
3 1210 2.1 160.2 44.1 28.1 119.8 110.2 
4 1280 2.3 121.6 35.3 28.9 85.2 108.7 
5 1380 3.0 82.3 30.5 30.4 40.7 107.9 
6 1560 4.7 46.9 28.3 31.7 28.1 106.7 
7 1770 5.5 30.4 15.1 33.9 13.6 105.1 
8 1820 2.4 25.7 8.4 35.3 10.0 103.8 
9 1850 2.0 21.8 3.2 37.1 7.9 102.4 
10 1810 0.6 20.5 2.2 39.2 7.3 101.5 
11 1770 0.5 20.8 1.1 41.7 6.9 100.6 
Reference: Chapter 2. 
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8. Batch Experiment: Spirulina platensis on Sludge Centrate and Secondary Effluent mixed with Nitrate under 12 h Light 
Date Dry Weight (mg/L) 
Productivity 
(g/m2/d) 
TN Conc 
(mg/L) 
COD 
(mg/L) 
NO3- 
(mg/L as 
N) 
PO43- 
(mg/L as 
P) 
NH3 (mg/L 
as N) 
TP (mg/L 
as P) 
18-May 710 
 
107.0 43.2 25.7 14.9 78.0 55.1 
19-May 750 1.4 107.1 44.9 25.6 14.7 74.4 48.5 
20-May 810 1.8 105.2 46.7 24.1 16.1 69.8 47.2 
21-May 880 2.0 97.6 49.5 24.3 17.9 65.2 46.7 
22-May 940 1.9 89.3 53.8 21.5 18.4 55.7 47.9 
23-May 1010 2.1 78.9 56.4 19.3 19.7 48.1 46.7 
24-May 1090 2.4 72.4 60.1 18.1 20.9 33.6 45.1 
25-May 1110 1.2 65.7 64.7 17.4 22.3 20.0 44.8 
26-May 1120 1.0 63.8 67.2 14.2 23.1 17.9 44.4 
27-May 1100 0.4 63.5 66.9 13.2 23.2 17.3 44.5 
28-May 1100 0.8 63.8 66.5 12.1 23.7 16.9 43.6 
29-May 1090 0.6 63.9 66.1 11.5 24.1 15.1 43.7 
Reference: Chapter 2. 
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9. Batch Experiment: Spirulina platensis on Sludge Centrate and Secondary Effluent mixed with Nitrate under 24 h Light 
 
Dry Weight 
(mg/L) 
Productivity (g/m2/d) 
TN Conc 
(mg/L) 
NO3- (mg/L 
as N) 
PO43- (mg/L 
as P) 
NH3 (mg/L 
as N) 
TP (mg/L as 
P) 
18-May 700 
 
228.0 37.7 23.9 188.0 123.1 
19-May 730 1.1 202.1 39.6 25.7 161.4 117.5 
20-May 770 1.4 160.2 44.1 28.1 119.8 110.2 
21-May 800 1.2 121.6 35.3 28.9 85.2 108.7 
22-May 860 1.8 82.3 30.5 30.4 40.7 107.9 
23-May 930 2.1 46.9 28.3 31.7 28.1 106.7 
24-May 1030 2.8 30.4 15.1 33.9 13.6 105.1 
25-May 1110 2.4 25.7 8.4 35.3 10.0 103.8 
26-May 1130 1.2 21.8 3.2 37.1 7.9 102.4 
27-May 1120 0.6 20.5 2.2 39.2 7.3 101.5 
28-May 1100 0.4 20.8 1.1 41.7 6.9 100.6 
29-May 1080 0.4 20.9 0.5 44.1 5.1 99.7 
Reference: Chapter 2. 
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10. Spirulina platensis on Synthetic Medium in Airlift Reactor (HRT: 15d; Reference: Chapter 3) 
Day TN (mg/L) TN Removal Efficiency 
NO3-N 
(mg/L) Org-N (mg/L) 
NH3-N 
(mg/L) 
NH3 Removal 
Efficiency 
Biomass Dry 
Weight 
1 64.2 0.84 11.28 50.82 2.1 0.99 3667 
2 59.1 0.86 0.65 50.61 7.8 0.96 3550 
3 50.8 0.88 0.59 42.60 7.6 0.96 3442 
4 62.9 0.85 0.55 48.15 14.2 0.93 3442 
5 83.4 0.80 0.61 56.19 26.6 0.87 3483 
6 116.3 0.72 11.2 33.00 72.1 0.65 3474 
7 85.6 0.79 0.98 63.22 21.4 0.90 3570 
8 60.9 0.85 0.7 52.85 7.3 0.96 3624 
9 55.8 0.86 1.01 44.49 10.3 0.95 3512 
10 66.1 0.84 1.32 46.54 18.2 0.91 3443 
11 120.5 0.71 9.75 26.12 84.6 0.59 3459 
12 84.3 0.80 1.9 52.30 30.1 0.85 3547 
13 63.2 0.85 0.89 51.61 10.7 0.95 3597 
15 93.34 0.77 13.7 43.77 35.87 0.83 3351 
16 104.37 0.75 22.99 6.17 75.21 0.63 3275 
17 70.19 0.83 11.22 2.59 56.38 0.73 3188 
18 79.01 0.81 11.29 10.74 56.98 0.72 3152 
19 75.70 0.82 13.09 4.38 58.23 0.72 3239 
20 76.25 0.81 13.56 3.58 59.11 0.71 3283 
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11. Spirulina platensis on Synthetic Medium in Airlift Reactor (HRT: 20d; Reference: Chapter 3) 
Day TN (mg/L) TN Removal Efficiency NO3-N (mg/L) Org-N (mg/L) NH3-N (mg/L) 
NH3 Removal 
Efficiency 
21 99.56 0.76 11.78 9.27 78.51 3308 
22 131.55 0.68 10.91 13.95 106.69 3398 
23 115.8 0.72 10.69 -3.31 108.42 3455 
24 121.78 0.70 9.46 -2.86 115.18 3587 
25 135.39 0.67 9.03 16.61 109.75 3613 
26 139.64 0.66 8.77 20.80 110.07 3700 
27 143.67 0.65 6.43 34.44 102.8 3701 
28 130.68 0.68 5.41 18.76 106.51 3679 
29 123.1 0.70 4.65 2.27 116.18 3659 
30 166.84 0.60 3.66 63.19 99.99 3681 
31 
      
32 110.4 0.73 4.55 105.85 
  
33 102.8 0.75 4.66 22.43 75.71 4195 
34 109.52 0.73 5.03 28.28 76.21 4103 
36 112.74 0.73 6.33 28.54 77.87 3904 
37 106.91 0.74 6.01 14.00 86.9 3893 
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12. Spirulina platensis on Synthetic Medium in Airlift Reactor (HRT: 25d; Reference: Chapter 3) 
Day TN (mg/L) TN Removal Efficiency 
NO3-N 
(mg/L) Org-N (mg/L) 
NH3-N 
(mg/L) 
NH3 Removal 
Efficiency 
Biomass Dry 
Weight 
42 101.4 0.75 6.73 6.74 87.91 101.4 4103 
43 105.9 0.74 1.95 1.95 102 105.9 4116 
44 129.1 0.69 2.59 2.61 123.9 129.1 4151 
45 133.7 0.68 4.02 4.03 125.7 133.7 4195 
46 126.5 0.69 3.6 3.60 119.3 126.5 4189 
47 212.4 0.48 43.32 43.33 125.8 212.4 4138 
48 130.3 0.68 6.49 6.50 117.3 130.3 4100 
49 112.1 0.73 0.25 -0.76 112.6 112.1 4074 
50 110.5 0.73 1.85 1.85 106.8 110.5 4105 
53 107.4 0.74 1.15 1.15 105.1 107.4 4164 
56 108.2 0.74 0.8 0.93 106.5 108.2 4131 
58 115.7 0.72 5.54 5.56 104.6 115.7 4152 
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13. Spirulina platensis on Synthetic Medium in Airlift Reactor (HRT: 15d; Reference: Chapter 3) 
Day TN (mg/L) TN Removal Efficiency 
NO3-N 
(mg/L) Org-N (mg/L) 
NH3-N 
(mg/L) 
NH3 Removal 
Efficiency 
Biomass Dry 
Weight 
59 94.72 0.77 10.08 32.45 52.19 94.72 4014 
60 92.57 0.78 14.91 23.76 53.9 92.57 3927 
61 89.16 0.78 20.8 23.19 45.17 89.16 3867 
62 83.20 0.80 18.15 22.20 42.85 83.20 3915 
63 85.61 0.79 15.7 22.60 47.31 85.61 3908 
64 84.63 0.79 20.03 22.44 42.16 84.63 3852 
65 79.85 0.81 21.41 21.64 36.8 79.85 3810 
66 78.03 0.81 17.34 21.34 39.35 78.03 3781 
67 73.51 0.82 16.97 12.25 44.29 73.51 3816 
68 80.21 0.81 27.5 13.37 39.34 80.21 3880 
69 100.85 0.76 40.29 16.81 43.75 100.85 3844 
70 109.76 0.73 53.43 18.29 38.04 109.76 3868 
71 105.13 0.74 50.3 17.52 37.31 105.13 3810 
72 112.03 0.73 56.45 18.67 36.91 112.03 3781 
73 90.89 0.78 37.44 15.15 38.3 90.89 3816 
74 86.58 0.79 28.1 14.43 44.05 86.58 3880 
75 77.97 0.81 16.1 21.33 40.54 77.97 3844 
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14. Spirulina platensis on Synthetic Medium in Airlift Reactor (HRT: 15d; Reference: Chapter 3) 
Day TN (mg/L) TN Removal Efficiency 
NO3-N 
(mg/L) Org-N (mg/L) 
NH3-N 
(mg/L) 
NH3 Removal 
Efficiency 
Biomass Dry 
Weight 
78 82.31 0.80 59.65 -0.69 23.35 82.31 3432 
81 81.08 0.80 61.74 -6.70 26.04 81.08 3390 
84 84.73 0.79 61.12 -2.63 26.24 84.73 3371 
87 75.33 0.82 50.53 -2.34 27.14 75.33 3406 
90 95.24 0.77 69.98 -2.61 27.87 95.24 3355 
93 88.32 0.79 55.45 5.70 27.17 88.32 3323 
96 69.65 0.83 52.76 -6.22 23.11 69.65 3371 
99 85.07 0.79 56.24 1.98 26.85 85.07 3341 
102 94.07 0.77 70.9 -3.69 26.86 94.07 3319 
105 84.24 0.80 58.54 -0.56 26.26 84.24 3361 
108 96.30 0.77 63.49 7.44 25.37 96.30 3391 
111 74.12 0.82 53.39 -1.23 21.96 74.12 3374 
114 84.57 0.79 47.06 9.46 28.05 84.57 3337 
117 87.39 0.79 59.93 5.67 21.79 87.39 3377 
120 78.21 0.81 51.3 4.03 22.88 78.21 3320 
123 82.02 0.80 45.67 11.73 24.62 82.02 3310 
126 95.28 0.77 69.87 -5.53 30.9378 95.28 3348 
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Appendix B: Calibration Curves 
1. Standard Curve of Biomass Dry Weight and Optical Density 
SS (mg/L) 0 33.3 42.2 57.8 600 858.3 1092 1198 
OD 0 0.036 0.043 0.048 0.772 1.161 1.469 1.585 
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2. Standard Curve of Nitrate and Phosphate Analysis on Metrhom IC 
Nitrate Conc (mg/L as N) 50 20 10 1 
Nitrate Peak Area 51.852 20.757 10.395 1.011 
Phosphate Conc (mg/L as P) 100 50 20 10 
Phosphate Peak Area 40.066 20.396 8.283 4.152 
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3. Standard Curves of TN Analysis 
TN (mg/L as N) 0 1 5 20 
Average abs 0.0025 0.0235 0.115 0.4665 
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4. Standard Curve of Ammonia Analysis 
Conc (mg/L as N) 0 0.5 1 1.5 2 2.5 
Abs 0 0.316 0.632 0.97 1.291 1.686 
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5. Standard Curve of TP Analysis 
Conc.(mg/L as P) 0 1 5 10 20 
Abs 0 0.042 0.197 0.372 0.737 
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6. Standard Curve of COD Analysis  
Conc (mg/L) 0 10 50 100 
abs 0 0.005 0.024 0.05 
 
 
